Abstract: Although fuel characteristics are assumed to have an important impact on fire regimes through their effects on extinction dynamics, limited capabilities exist for predicting whether a fire will spread in mixedwood boreal forest surface fuels. To improve predictive capabilities, we conducted 347 no-wind, laboratory test burns in surface fuels collected from the mixedwood boreal forest of Saskatchewan. The beds were composed of single fuel types of contrasting characteristics, including feather moss, aspen leaf litter, aspen and alder leaf litter, and twigs. Shredded wood (i.e., excelsior) was included for comparison. An extinction index and logistic model from the literature that balances heat sources and sinks performed well for excelsior, a fuel used to develop the model, but poorly for forest fuels. As a result, we used logistic regression to develop a model for forest fuels finding that fire spread was largely determined by the heat sink, heat of combustion, and fuel bed depth. We found close correspondence between our model and fire spread in an independent sample of beds composed of mixtures of mixedwood fuels (N = 59). Our model can serve as a means of analyzing the relative importance of fuels and weather on extinction dynamics during mixedwood boreal forest fires.
Introduction
The roles of fuels and weather in determining when, where, and how far fires spread has been debated for the mixedwood boreal forest (e.g., Cumming 2001; Johnson et al. 2001; Larsen 1997 ) and other ecosystems (e.g., Minnich 2001; Moritz et al. 2004 ). Clearly, differences in fuels among major mixedwood boreal forest types are important in determining rates of spread and fireline intensity (kW·m −1 ) under a wide range of weather conditions (e.g., Forestry Canada Fire Danger Group 1992). A difficulty arises, however, in reconciling the effects of fuel variability with the observation that the largest fires in the mixedwood boreal forest, those that account for the vast majority of area burned (Weir et al. 2000) , spread across landscapes in large part irrespective of substantial variability in fuel conditions. Along with ignition, surface fire extinction processes are a fundamental determinant of when and where fires spread. Fuels in aspen (Populus tremuloides Michx.) forests are widely thought to cause surface-fire extinction more readily than conifer fuels (e.g., Fechner and Barrows 1976; DeByle et al. 1987) , although the basis for this conclusion is largely anecdotal.
Mixed evidence for the role of aspen in reducing area burned has emerged from field studies (e.g., compare Larsen (1997) and Cumming (2001) ). Regardless, aspen's reputation has been the foundation of policy documents calling for the use of forest management to increase aspen dominance and, thereby, reduce area burned across the mixedwood boreal forest (e.g., Tymstra et al. 1998) .
It would be useful to compare fuel beds that vary in their propensity to carry a fire under a range of weather conditions as a means of better understanding the processes involved in determining when and how variability in fuels, particularly surface fuels, matters in determining fire size. However, models that might be used for the purpose are either not validated or otherwise unsuited for mixedwood boreal forest fuels. For instance, the extinction index introduced by Wilson (1985) was parameterized for stacked, milled wood and excelsior, though he applied the model to forest fuels that may be expected to differ in important ways. Given substantially higher fuel bed porosity (see discussion of combustion rate regimes and porosity in Nelson 2003) , fire extinction dynamics in grass (e.g., Leonard 2009 ) and shrub systems (e.g., Zhou et al. 2005 , Plucinski et al. 2010 ) may be controlled by very different processes than those for fires in surface fuel layers (e.g., Zhou et al. 2005; Tachajapong et al. 2009 ). Indices for predicting fire spread probabilities for boreal forest fuels have been developed for broad forest types (Beverly and Wotton 2007) but these cannot be used to examine the effects of quantitative variability in fuels such as would be obtained by standard fuel sampling in the field (e.g., Bessie and Johnson 1995) .
In this paper, we describe fire spread probabilities for laboratory test burns conducted under no-wind conditions in beds composed of different types of mixedwood boreal forest surface fuels and compare our results with predictions from Wilson's (1985) logistic model and associated extinction index. Here, fire spread most closely corresponds to "sustainability" in Anderson's (1970) concept of fuel bed flammability. After testing Wilson's predictions, we found it necessary to parameterize a separate model with our data from fuel beds composed of single fuel types. We evaluate the model by comparison with an independent sample of burns in beds composed of mixtures of fuel types.
Methods

Phenomenological model
Ignition is followed by either extinction or flame spread in open combustion systems. The alternative states are determined by the ratio of heat gained by the unburned fuel from in-bed combustion and the overbed flame and heat requirements for gasifying the fuel (e.g., Emmons 1964; Frandsen 1973) . Extinction and flame spread are separated by an unstable state from which small excursions in heat-flux feedbacks determine whether the fire spreads or goes out, a situation that is one of a class of bifurcation phenomena (Williams 1982) . In lieu of a more process-based approach, and in keeping with the bifurcated nature of the process, we use logistic regression and a group of key variables (the index) to describe extinction. Wilson (1985) proposed an extinction index that was intended, in an integrated way, to describe the ratio of a fuel bed's potential heat source (numerator, kJ·kg −1 ) to its heat sink (denominator, kJ·kg −1 ) and used that index in a statistical model (the logistic) to predict the characteristics of fires near their extinction limit. The variables in Wilson's extinction index are as follows:
Heat source Heat sink ϭ hS Q T where h is the heat of combustion (kJ·kg −1 , either total or volatiles alone), Q T (kJ·kg −1 ) is the total energy required to carry the fuel through pyrolysis (see below), and S is the surface area of fuel per unit area of the fuel bed (dimensionless). The fuel bed surface area is defined as
where is the fuel particle surface-area-to-volume ratio (m −1 ), ␤ is the packing ratio (dimensionless), and ␦ is fuel bed depth (m). The packing ratio is the fraction of the fuel bed volume occupied by solid fuel. The heat source term characterizes the potential heat output from the fuel bed and, through the fuel bed surface area, how effectively the fuel bed absorbs energy from combustion and the extent to which the fuel particles impede ventilation of the combustion zone (Nelson 2003 ). Wilson's index itself is re-scaled from eq. 1:
where N XW refers to Wilson's extinction index, Q W (kJ·kg −1 ) is the fraction of Q T required to raise the temperature of water in the fuel and cause its vaporization, and M is the ratio of the mass of water in the fuel (wet mass of fuel less dry mass) to fuel dry mass.
Fuel beds
Surface fuels for burn trials were collected from 1 × 1 m plots in the spring of 2001 in 23 mixedwood boreal forest stands (Table 1) in and around Prince Albert National Park, Saskatchewan (from 53°35=N to 54°20=N and from 106°0=W to 106°47=W). Live shrubs were avoided. Spring was chosen because it is the primary wildfire season (Wright and Beall 1934; Johnson et al. 1999) . Stands sampled were representative of those described in Bridge and Johnson (2000) and Chipman and Johnson (2002) and were chosen opportunistically. Included were the following: stands on glacial till with an overstory dominated by aspen and fuel beds dominated by either aspen litter or a mixture of aspen and alder litter (Alnus crispus); stands on glacial till dominated by white spruce (Picea glauca) with forest floor fuels dominated by feather moss; stands on glaciofluvial material with an overstory dominated by either jack pine (Pinus banksiana) or black spruce (Picea mariana) with fuel beds dominated by feather moss; and open jack pine stands with a substantial loading of needle litter and low shrubs. Moss cover included Hylocomium splendens, Pleurozium schreberi, and Ptilium crista-castrensis in undefined mixture. These mosses form dense mats up to ϳ10 cm thick. Replication within stand types is given in Table 1 .
Two types of fuel beds were constructed, those of single fuel types and those of mixtures of fuel types. Single fuel type beds were composed of the following: litter from aspen stands; litter from aspen stands with an alder understory; moss; jack pine needles; white spruce needles; and twigs and small branches. Moss was largely live when collected, but dead upon burning after having been dried. Beds composed of spruce needles alone would not carry a fire, presumably because of dense packing and weathering in moss beds in the field. Jack pine needles also packed densely and would not carry a fire at relatively low loadings similar to those that would support flame spread in other fuel types. Because of the lack of spread in initial tests and a need to conserve jack pine fuels for mixed beds, needles were used only in mixed Table 2 . Litter from aspen stands with alder understories and white spruce needles were the least represented fuel types in mixed beds. Twig and branch diameters ranged from 0.8 to 10 mm and were separated into 1 h (<6 mm) and 10 h (≥6 mm) fuel drying classes to facilitate creation of fuel beds with a wide range of characteristics. Except for dead twigs and small branches from two spruce stands that were collected from live trees and burned as single fuel class burns (N = 15), all twigs and small branches used in fires were collected from the litter layer.
Replicate estimates of fuel particle surface-area-to-volume ratios (, m −1 ) were based on measurements of about 20 particles. Needles and twigs were assumed to be cylinders and their values were estimated from diameter measurements and eq. 4 in Brown (1970) . Excelsior particle cross-sectional area approximated a rectangle, and width and diameter measurements were used to estimate values. For needles, twigs, and excelsior, the contribution to surface area of particle ends was ignored for purposes of calculations. Surface area-to-volume ratios were estimated on all excelsior fuel beds and all twig beds burned as single fuel class beds (each was composed of one size class), and these values were used directly in analyses. Surface-area-to-volume ratios of leaf litter from aspen and aspen and alder foliage were estimated by assuming that the perimeter of particles added little to surface area. Accordingly, for broadleaves in Brown's (1970) eq. 5 simplifies to 2/d, where d is leaf thickness. Surface-area-to-volume ratios of leaf litter from aspen and aspen and alder stands were measured on a subset of beds, and the resulting means were used in all analyses. Because of the difficulty in defining and characterizing moss surface area, we assigned a value of 25 000 m −1 (Sylvester and Wein 1981) . For mixed beds, each fuel type was assigned the average of all beds of that fuel type that were burned as single fuel class beds (there being two size classes for twigs as described above).
Fuel beds were manipulated in their moisture content, loading, and bulk density. Both single and mixed beds were assembled in paper bags, dried at 50°C until weight loss ceased, and then weighed to determine dry mass. The relatively low drying temperature was used to minimize loss of volatile waxes and oils. Fuel beds were either burned soon after drying, burned some hours or days after drying, or wetted to various degrees before burning. To wet fuels, water was applied thoroughly as a fine mist with a spray bottle until somewhat more than the desired moisture content was achieved. The beds were then allowed to sit until liquid water on the surface of the particles was either absorbed or evaporated. Woody fuel beds were allowed to sit in plastic bags for several hours or, for larger diameter particles, overnight to increase moisture absorption. Fuel beds were re-weighed to obtain final wet masses just prior to burning.
Bulk density was manipulated by varying packing (i.e., depth for a given loading) over as large a range as possible under the constraints that particles were not artificially reduced in size or that beds were not assembled one particle at a time either in self-supporting arrays to achieve the lowest packing possible or in some repeated orientation to maximize packing. To increase packing, beds were either compressed by hand or shaken so that particles packed more closely. To reduce packing, moss, twig, and excelsior beds were teased by hand. Nelson (2003) uses dimensionless porosity (porosity divided by fuel bed depth) to classify fuel beds. Beds in which combustion rates are expected to be limited by ventilation have a dimensionless porosity of about 1, whereas those expected to be limited by the availability of fuel surface area have dimensionless porosities greater than 1. We characterized our fuel beds based on Nelson's criterion.
For beds composed of mixtures of fuel types, the weightedaveraging technique introduced by Rothermel (1972) was used to estimate for each bed a single value of the thermochemical variables (see below), fuel particle surface-area-to-volume ratio, and fuel moisture. The weighting of each fuel type is a dimensionless function of surface-area-to-volume ratio, fuel mass, and (constant) particle density. Particle densities were set to a constant 512 kg·m −3 (Rothermel 1972 ) because of a lack of further information.
Fuel thermochemistry
Testing Wilson's (1985) model requires information on fuel thermochemistry. Total and char heats of combustion were determined from oxygen bomb calorimetry, and other variables were either measured or estimated by difference. Total heat of combustion is partitioned as follows (Albini 1979) :
where h T is the heat of combustion of char and volatiles combined (kJ·kg −1 ), h V is heat of combustion of volatiles (kJ·kg −1 ), h C is char heat of combustion (kJ·kg −1 ), and and ␥ are ash and char fractions, respectively. Total heats of combustion were determined on ground, air-dried samples. The mass remaining after combustion was used to estimate ash fraction. Char content was evaluated by heating samples of about 8 mg of fuel in a thermobalance with inert atmosphere (argon purge at 50 mL·min −1 ) at 10°C·min −1 from ambient to 505°C at which temperature they remained for 5 min to ensure full conversion to char. Susott's (1982) heating rate was 20°C·min −1 , but his results suggested that we should expect little difference between heating rates. To obtain larger amounts of char for evaluating heats of combustion, larger amounts of fuel were placed in glass tubes with argon purge and were kept in an electrical furnace at the same temperature (505°C) for 5 min. Heat of combustion of volatiles was estimated from eq. 3. Thermochemistry for forest fuels was quantified only for materials collected from the forest floor.
Laboratory test burns
Fuel beds 30 cm wide and 40 cm long were heated by propane torch along the edge of one of their short sides until the fuels sustained flaming, and then, whether the fire spread across the length of the plot was noted. The beds were composed of single fuel types (aspen leaf litter, moss, twigs, and excelsior) and mixtures of fuel types (aspen leaf litter and twigs, moss and needles, and combinations of all four) spanning a large range in moisture, loading, and packing ratio. The base of the bed was ceramic fiber board resistant to temperatures <3000°F and manufactured by Cotronics Corporation (www.cotronics.com).
Baffles were positioned along the long sides of each plot (i.e., in the direction of fire spread). The baffles were 25 cm high and 40 cm long and were constructed of aluminum flashing material supported by a wooden frame. The baffles were intended to prevent inflow of air along the margins of the burn so that the combustion, where it proceeded in a roughly linear fashion across the bed, would mimic a longer fire line. The baffles were allowed to blacken from deposition. By observation, flame heights across the width of the fuel bed were remarkably consistent, suggesting that the baffles served their intended purpose. Wilson's (1985) logistic model was used to predict fire spread probabilities for our fires in beds composed of single fuel types. We used Wilson's parameters specific for whether a fire spread across a fuel bed, a descriptor congruent with our categorization of fires. Wilson also provides parameters describing proportion of fire line aflame and probability of burning with a contiguous, steadily spreading flame front. Wilson's model for fire spread probability is as follows:
Statistical analyses
͔͒ where k and s are parameters of the logistic distribution whose values are 4 and 1.2, respectively. A fire spread probability of ≥0.5 was assumed to predict spread across the bed, whereas a probability of <0.5 was assumed to correspond to no spread or spread across only part of the bed. Concordance statistics were calculated between Wilson's predictions and our results. All analyses were performed with SAS (SAS Institute Inc. 2008). Because Wilson's model was limited in the accuracy of its predictions of surface fire spread in our forest fuels (see below), we used logistic regression (PROC LOGISTIC) to develop our own model that best met the multiple objectives that (i) the model include all fuel variables, (ii) the assumptions of logistic regression were met, (iii) the model be as simple as possible, and (iv) the model fit to the entire data set of single fuel class beds should be as good as possible. Compromise was required to best meet these objectives simultaneously. The simplest model that we tried involved the use of the dimensionless group of variables in eq. 1. The most complex model (i.e., the one with the most parameters) involved including all of the variables listed in eqs. 1 and 2 separately in the model. The approach was to natural-log transform the group of variables described in eqs. 1 and 2 so that parameters estimated from logistic regression would be analogous to exponents for each independent variable and that homogeneity of variances in independent variables would be maximized. Estimating exponents statistically obscures the physical meaning of the resulting statistical model because the dimensions of the variables become meaningless. No intercept was included in our final logistic models because including one did not improve fit. We evaluated the likely effects that multicollinearity among independent variables would have on logistic regression by examining tolerance and variance inflation statistics calculated from multiple linear regression using the same variables as the logistic regression (Allison 1999) .
The heat sink (denominator) was calculated as follows (see Susott (1982) and Wilson (1985) for details):
[6]
where Q P is a constant heat of pyrolysis (700 kJ·kg −1 ), Q W is the heat required to raise the temperature of water in the fuel and carry it through vaporization, T F is fuel bed temperature (°C), and M is the ratio of the mass of water in the fuel (wet mass of fuel less dry mass) to its dry mass.
We evaluated our final logistic model parameterized with data from single fuel type beds by using it to predict spread in fuel beds composed of mixtures of fuel types. We predicted spread in mixed fuel beds when the predicted probability of spread P 0 was ≥50% and compared those predictions with burn results by 2 test and concordance statistics. As described above, Rothermel's (1972) weighted averaging method was used to calculate a fuel bed average for each variable for inclusion in the model.
Results
Fuel particle and bed characteristics
Surface fuel thermochemistry is summarized in Table 3 wherein a replicate refers to a single, unique stand (stand types are noted in Table 1 ). Ash fractions ranged from 4.1% for excelsior to 12.1% for aspen and alder litter. Char fractions varied less, from between 29% and 37%. Moss, although it has the highest surfacearea-to-volume ratio (Table 4) , had the lowest total and volatile heats of combustion among fuel types burned in this study. Moss volatile heats of combustion were particularly low because of the combination of a low total heat of combustion, high char fraction, and moderate ash fraction. Fuels from only a subset of stands were included in thermochemistry determinations to reduce costs. Missing values for a given fuel type were estimated by averaging values from stands of the same kind.
The physical characteristics of fuel particles and beds (those composed of both single and mixtures of fuel types) are summa- 
The sample size (number of stands, see Table 1 ) and standard deviation are shown in parentheses. Heat of combustion of char (h C ) and total (h T ) and volatile (h V ) heats of combustion are given (see eq. 4). Data for white and black spruce needles separated from moss beds are combined. NA indicates a lack of replication. rized in Table 4 . Supplementary fuel particle surface-area-tovolume ratios are provided in Appendix A, Table A1, needed because fuel particle surface-area-to-volume ratios were not measured on all aspen and aspen and alder fuel beds. The range in dimensionless fuel bed porosity (Nelson 2003) was 0.04 to 2 for single fuel type beds (with all but a few twig beds being <1) and from 0.04 to 0.9 for mixed beds. Assuming a threshold of 1 between ventilation and surface-area control regimes, we did not segregate our data set by Nelson's criteria because of a lack of data from high-porosity beds. The data set from this study is available as Supplementary data. 1
Predicting fire spread probability
Predictions of successful spread from Wilson's (1985) logistic equation were most accurate for excelsior fuels (a 14% misclassification rate) and overpredicted spread for forest fuels (Table 5) . Overprediction of burn probabilities ranged from 25% to 66%. Fit was particularly poor for burns in litter from both aspen and aspen and alder stands. As a consequence, we did not evaluate Wilson's model as a predictor of spread in beds composed of mixtures of fuel types. Instead, we used logistic regression to develop our own model from data on burns in single fuel type beds.
We tested logistic regression models that ranged in the degree of grouping of variables to find the model that best met the list of objectives outlined in Methods. In general, the fit improved as more variables were entered into the model independently rather than as part of a group of variables, that is, as more parameters were estimated. When all variables in eqs. 1 and 2 were entered independently, however, multicollinearity was unacceptably high, as indicated by tolerance values <0.4 for surface-area-tovolume and packing ratio in linear multiple-regression analyses of binary spread data (Allison 1999) . To reduce multicollinearity to acceptable levels (i.e., tolerance values approaching 1 for all vari-1 Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfr-2012-0291. Note: Replication is the number of burns given in Table 1 , except for surface-area-to-volume ratios for aspen and aspen and alder litter, for which an average was applied (see Appendix A, Table A1 ), and moss, for which a constant was used. Fuel moisture is given for convenience, although it was included in the model as part of the heat sink. h T , total heat of combustion; h V , heat of combustion of volatiles; , surface-area-to-volume ratio; ␤, packing ratio; ␦, bed depth; M, fuel moisture; Q T , heat sink; NA indicates a lack of replication. ables), we used the product of surface-area-to-volume and packing ratio in the final model:
where N X is the extinction index, and j, k, l, and m are parameters estimated from logistic regression after natural-log transformation of eq. 8:
[8]
Combining surface-area-to-volume and packing ratios resulted in little effect on parameter estimates for the other variables relative to the model in which all variables were included independently. Fit between eq. 8 and spread behavior in beds composed of individual fuel types is illustrated in Fig. 1 . The model, parameterized with data from all fuel types combined, exhibited a high propensity to assign higher spread probabilities to fires that spread than to nonspreading fires, as indicated by the large area under the receiver operating characteristic (ROC) curve (Table 6) . It made little difference to the fit whether total or volatile heat of combustion was used. Heat source variables had positive effects on spread probability, whereas the sink variable had a negative effect on spread probability (Table 6 ). Fuel bed depth and heat of combustion had much larger effects on spread probability than the product of fuel particle surface-area-to-volume ratio and fuel bed packing ratio as indicated by Wald 2 values.
Excelsior beds were not included in the final model (whose parameters are given in Table 6 ) because excelsior had a greater propensity to carry a fire than mixedwood boreal forest fuels, given the variables that we included in the models that we tested (which were also the variables used by Wilson 1985) . Underprediction of spread probability in excelsior beds by the model parameterized with data from mixedwood boreal fuels alone (Table 6) is illustrated in Fig. 2 . When the model based on forest fuels was used to predict spread in excelsior by classifying as successful fires in all beds for which predicted probabilities were ≥50%, spread in excelsior was underpredicted by 38%, that is, gave false negatives for 11 of 29 burns.
Evaluating fire spread probability predictions
The fire spread probability model (eq. 8, with parameters from Table 6 ) was used to predict spread (predicted probability ≥50%) for mixed fuel beds, and the binary results were compared with data on whether actual fires spread across the bed's entire length (Table 7 and Fig. 3 ). Correspondence between model and data was significant with no apparent bias towards over-or underprediction. Total misclassification rates were 10% and 7% for total and volatile heats of combustion, respectively.
Discussion
The fire spread probability model (eq. 8), with parameters estimated from a data set of fires in experimentally constructed fuel beds composed of single fuel types collected from the forest floor of mixedwood boreal forest stands (Table 6 ), adequately captured the probability of spread in beds composed of mixtures of fuel types (Table 7 and Fig. 3 ). Although the model was based conceptually on Wilson (1985) , we developed our own model because Wilson's logistic model was a poor predictor of spread in mixedwood boreal forest fuel beds. The good fit between our model and data on burns in beds composed of realistic mixtures of fuel types provides some confidence that the model has relevance to spread probabilities in real mixedwood boreal forest surface fuels.
In this paper, we focus on spread probabilities that are closest to "sustainability" in an overall concept of flammability described by Anderson (1970) and Martin et al. (1994) . Their flammability concept also incorporates propensity to ignite and total and rate of consumption, as extended by Martin et al. (1994) . We did not consider ignition in our study because we felt that there would be a need to simulate realistic ignition conditions (e.g., ignition from lightning strikes and smoldering duff during holdover conditions), which are not trivial to reproduce (e.g., Latham and Williams 2001) . At the small spatial extent of our experiments, rates of spread and, thus, combustion rate estimates would present scaling issues if for no other reason than the fact that no steady state is reached for the more vigorous fires. Estimating spread probabilities in our small beds may overestimate spread probabilities for fires that barely spread across the bed (and would not have if the bed had been larger). Also, spread probabilities predicted from our model may be too large where wildland fuels are patchy (Miller and Urban 2000) .
Apart from Wilson (1985) , few studies are comparable with ours in the sense that our study focused on surface fire spread probabilities in relatively compact beds and experimentally manipulated fuel bed characteristics, including fuel moisture. Studies that focus on porous grass and shrub fuels are not easily comparable with our study (see below). Because different aspects of flammability (Anderson 1970; Martin et al. 1994 ) are sensitive to different fuel characteristics (e.g., Ganteaume et al. 2011; Curt et al. 2011) , studies that do not provide data on spread probabilities (e.g., Fonda 2001; Kane et al. 2008 ) are also not easily compared with ours. Ganteaume et al. (2011) and Curt et al. (2011) measured areal extent of fire spread in small test beds collected from Mediterranean ecosystems in southeastern France. Aerial extent is an independent variable that is similar to our measurement of whether a fire spread completely across a given bed. Ganteaume et al. (2011) found that spread was not significantly related to litter depth, in contrast to our results. However, our range in fuel depths was considerably larger than theirs because we manipulated depth experimentally. Spread in their study was also not related to vegetation type or past fire regime, which had effects on other aspects of flammability. In contrast, Curt et al. (2011) , in a study involving other Mediterranean fuel beds, found that deeper fuel beds with higher loadings more readily sustained fire spread. These fuel beds tended to come from sites where time since fire was greatest and for sites with particular vegetation structures. In contrast to our study, both Ganteaume et al. (2011) and Curt et al (2011) worked with dry fuels to mimic conditions of high fire danger, whereas we also simulated marginal conditions by varying fuel moisture over a large range.
Surface-area-to-volume ratio was less important in describing spread probability than other variables such as heat of combustion and fuel depth (Table 6) , despite a range of more than an order of magnitude in its value among beds composed of single fuel types (Table 4) . Admittedly, it is unclear at what scale moss surface-area-to-volume ratio (moss being the fuel material with the highest ratio) should be determined because its surface structure varies from individual leaves to the collections of leaves that make up branches and to collections of branches that make up the stem of the gametophyte. Similarly, though we were able to create a range of roughly an order of magnitude in packing ratio, it was not a significant predictor when included as a separate variable in the fire spread probability model.
The limited importance of surface-area-to-volume and packing ratios and the poor fit obtained when the dimensionless surface area variable (eq. 2) was used in logistic regression suggest a limitation in our physical understanding of the relationships between fuel particle and bed characteristics and fire spread. The surface area variable scales with radiation absorption and resistance to air flow for randomly arrayed cylindrical and spherical particles and is sensitive to particle orientation (e.g., Nelson 2003; Vaz et al. 2004) . Clearly, more work is needed to characterize energy absorption and ventilation across a range of fuel particle shapes, including the moss and broadleaves used in our experi- Table 6 . Fig. 2 . Spread predicted in excelsior fuel beds using the logistic model developed from burns in single-class beds composed of boreal mixedwood fuels (see Table 6 ). Shown are experimental values (symbols) and predicted values (line) for the model that included heat of combustion of volatiles.
ments. Scarff and Westoby (2006) illustrate the application of fluid transfer theory and particle size information to understand ventilation in beds of broadleaves. Increasing leaf size resulted in increased ventilation and combustion rates in their relatively compact beds (see also Kane et al (2008) and Curt et al. (2011) ). Rothermel's (1972) method of obtaining average fuel bed characteristics weighs different fuel types by their relative loading and surface-area-to-volume ratios and appeared to work adequately for our mixed fuel class beds. However, a better understanding of how fuel bed structure governs fire propagation should lead to a more physically accurate averaging scheme that provides better fire spread predictions. Though Wilson's model underpredicted spread probabilities in beds composed of mixedwood boreal forest fuels, the model adequately fit results from our burns in excelsior fuels. Mirroring this difference between excelsior and forest fuels, our model based on single mixedwood boreal fuel types underpredicted spread in excelsior beds (see Fig. 2 ). One possible explanation for the greater propensity of excelsior to carry fire is that excelsior, being free of bark, has higher rates of moisture and gas exchange upon heating than would be predicted from its surface-area-to-volume ratio, at least relative to twigs and branches. We know of no data comparing wildland fuels with excelsior, but drying rates for masticated woody fuels, with more exposed (bark free) wood surfaces, were the same as for nonmasticated woody fuels (Kreye et al. 2012 ), a result that does not support our hypothesis. In addition, moisture diffusivities for weathered fuels for which moisture-loss barriers have been compromised are higher than those for recently dead fuels (Anderson 1990 ) and, perhaps, excelsior. Because we collected fuels during the spring, all of our dead fuels (i.e., all fuels except live moss) had been weathering in the litter bed for greater or lesser amounts of time and would be expected to have higher moisture diffusivities than fresh litter. Instead of diffusivity differences between aspen excelsior and forest fuels, perhaps differences in chemical composition (e.g., terpene concentrations; Owens et al. 1998; Ormeño et al. 2009 ) account for the differences in spread probabilities. If so, then heats of combustion estimated from bomb calorimetry (e.g., Table 3 ), although a significant factor in our analyses (Table 6 ), would not fully account for thermochemical differences among fuels (Owens et al. 1998) . Regardless of the mechanism, we conclude that caution should be exercised when using results from excelsior (and, perhaps, milled fuels in general) to predict fire behavior in wildland fuels until we have a better understanding of why fuels differ in their combustion characteristics.
Our results apply only to the fuel types that we included in our experiments and to relatively packed beds of surface fuels in which combustion rates are limited by ventilation (see Nelson 2003) . Except for a few twig beds, all beds burned in our study were in Nelson's ventilation-control region. We would not expect our results to apply to spread in fuel beds with low packing ratios such as grass fuels and crown fuels (e.g., Zhou et al. 2005; Tachajapong et al. 2009 ) where combustion rates are limited by available surface area (Nelson 2003) . Further, our models would likely be applicable only to surface fuel beds composed of dead or passively drying material (i.e., moss; Bessie and Johnson 1995) such as those that support the spring fires that account for the most area burned in the mixedwood boreal forest (Johnson et al. 1999) . Also, laboratory experiments (e.g., Weise et al. 2005 ) suggest that our no-wind results would underestimate spread probabilities for fires heading with the wind, though we suspect that fuel bed characteristics would gain in relative importance as winds became more variable in speed and direction. How much winds affect fire spatial patterns on landscapes during marginal burning conditions is an open question.
Where fires start and go out on landscapes and whether fuels play an important role in that process are issues affecting fire and forest management decisions both in the mixedwood boreal forest (e.g., Cumming 2001; Weir et al. 2000) and in other ecosystems (Minnich 2001; Moritz et al. 2004) . A surface-fire extinction index sensitive to key fuel characteristics would allow us to further examine the causes of fire spatial patterns and area burned in the mixedwood boreal forest. Understanding the effects of fuel variability will be particularly important in the context of the large fires that, collectively, are responsible for most of the area burned in the mixedwood boreal forest (Strauss et al. 1989) . In future work, we intend to use the extinction index, shown here to be a good predictor of spread in beds composed of mixtures of boreal mixedwood fuel types, to explore how mixedwood boreal forest fuel variability determines differences in spread probabilities across a relevant range of weather conditions. In studies from other regions that examined effects of fuel variability on the sustainability of surface fire spread, fire regime (e.g., time since last fire) and species composition of vegetation (e.g., leaf size and shape) have been shown to be important Curt et al. 2011) . Caution is warranted when extrapolating results from small laboratory fires to the field (Fernandes and Cruz 2012 ), but we expect that spread probabilities for small-scale experimental fires are good candidates for scaling when burning conditions are marginal.
Conclusions
For a data set resulting from laboratory burn trials in mixedwood boreal forest surface fuels and excelsior, Wilson's (1985) Table 7. Goodness-of-fit between predicted and observed spread for fuel beds composed of a mixture of fuel types (N = 59). Spread (P 0 > 50%) was predicted from eq. 8, with parameter values from Table 6 ). Parameter values are those that correspond to analyses using heats of combustion of volatiles.
extinction index and logistic model gave adequate predictions for fire spread probabilities in excelsior beds while overpredicting spread probabilities for forest fuels. As a result, we dropped excelsior fuels from our analyses and used logistic regression to develop a fire spread probability model based on fires in beds composed of single fuel types. The resulting model showed good fit to data and provided good predictions of spread probabilities in beds composed of mixtures of mixedwood boreal forest fuel types. Fuel heat of combustion, fuel bed depth, and the heat sink were the most important predictors of spread probability, while fuel particle surface-area-to-volume and packing ratios were least important. We suggest caution in applying models based on data from experimental burns in excelsior and milled wood to wildland fuels. Because values of the variables on which it is based can be estimated from fuel and weather information, our model can be used as a means of analyzing the relative importance of fuels and weather in determining extinction dynamics during mixedwood boreal forest fires.
